We have analyzed the expression and intracellular distribution, during oogenesis and embryogenesis, of Vg1 RBP, a protein implicated in the intracellular localization of Vg1 mRNA to the vegetal cortex of Xenopus oocytes. Vg1 RBP (protein) colocalizes with Vg1 RNA at all stages of oogenesis. Vg1 RBP RNA, however, localizes to the animal pole during late oogenesis, and remains in the animal blastomeres and ectodermal precursors until its zygotic transcription is activated, around stage 12. Vg1 RBP mRNA then becomes expressed throughout the neural epithelium. Vg1 RBP mRNA expression is also detected in what appears to be neural crest cells undergoing delamination and lateral migration. By tailbud stages, Vg1 RBP expression is present in the branchial arches, otic vesicle, pronephros, and along the neural tube. To examine the expression pattern in different species, we cloned the zebra®sh homolog of Vg1 RBP by using a highly homologous EST clone to screen an embryonic cDNA library. In situ hybridization reveals that Vg1 RBP RNA localizes early in oogenesis to the animal pole. Although Vg1 RBP RNA is detected in all blastomeres of the early embryo, the expression pattern in the one day old zebra®sh embryo is almost identical to that of the equivalent stage Xenopus embryo. These results indicate that the zygotic expression pattern is similar in frogs and ®sh, and that there is a conserved zygotic expression of Vg1 RBP distinct from its expression in the oocyte. q 1999 Elsevier Science Ireland Ltd. All rights reserved.
Results
Vg1 RNA is homogeneously distributed during early oogenesis and localized to the vegetal cortex of stage III/ IV oocytes (Melton, 1987; Yisraeli and Melton, 1988) in a process requiring the cis-acting, vegetal localization element (the VLE) (Mowry and Melton, 1992) . Cloning of one of the trans-acting factors that speci®cally interact with the VLE (termed Vg1 RBP (Havin et al., 1998) or Vera (Deshler et al., 1998) ) revealed that Vg1 RBP is a member of a recently discovered family of proteins involved in RNA localization (Ross et al., 1997) , stability (Doyle et al., 1998) , and translational control (Nielsen et al., 1999) . To help determine what role Vg1 RBP may play in Vg1 RNA localization, we made antibodies to Vg1 RBP and followed its localization in oocytes by confocal microscopy. As seen in Fig. 1A , Vg1 RBP is distributed throughout the oocyte in early stages; there is even a low but detectable amount present in the germinal vesicle. As oogenesis progresses, Vg1 RBP accumulates along the vegetal cortex, precisely mirroring Vg1 RNA localization (compare Melton, 1987; Yisraeli and Melton, 1988) . Double-label experiments, in which Vg1 RBP and Vg1 RNA distributions are compared in the same optical sections, demonstrate that the protein and RNA colocalize at every stage (Fig. 1B , and data not shown). Western blot analysis shows that the steady-state level of Vg1 RBP becomes constant during oogenesis from stage II onwards, although Vg1 RBP mRNA levels drop dramatically by stage V/VI (Fig. 2) . Surprisingly, in situ hybridization revealed that Vg1 RBP mRNA is present in (Fig. 3) , although its protein product at this stage is tightly localized to the vegetal pole (see Fig. 1 ). It is unclear whether this mRNA localization represents an active translocation of Vg1 RBP mRNA or differential or regional degradation.
Wondering whether this animal localization of Vg1 RBP mRNA in oocytes might presage a distinct zygotic function (e.g. by segregating the mRNA to future ectodermal derivatives), we decided to look for Vg1 RBP expression during frog embryogenesis. Northern blot analysis reveals that Vg1 RBP mRNA is present in low levels throughout early embryogenesis, presumably re¯ecting the maternal RNA contribution (Fig. 2) . Vg1 RBP mRNA levels rise dramatically beginning at stage 12, re¯ecting activation of its zygotic transcription. In situ hybridization reveals a striking pattern of expression in the developing nervous system (Fig. 4) . At the neural tube stage, clear expression is detected throughout the developing neural epithelium and in the cells migrating out of the mesencephalon and rhom- bencephalon. In slightly older embryos, strong expression is present in the eye, throughout the brain, along the neural tube, and in the otic vesicle. In addition to expression in the pronephros, the branchial arches are also clearly positive for Vg1 RBP mRNA. (A very similar pattern is observed when these same stages are stained with the Vg1 RBP antibody (data not shown)). Given that the branchial arches are a major target of the neural crest beginning at stages 17±18 (Sadaghiani and Thiebaud, 1987) , it appears that cranial, migrating neural crest cells express Vg1 RBP mRNA. In addition, there is faint but detectable Vg1 RBP mRNA expression in the blood islands, present on the yolky, ventral aspect of the embryo.
To determine whether this embryonic expression pattern is evolutionarily conserved, we cloned the zebra®sh homolog of Vg1 RBP and examined its expression during ®sh development. Although all members of this rapidly growing family of RNA binding proteins show high homology to each other, zebra®sh Vg1 RBP is most closely related to Xenopus Vg1 RBP (Fig. 5A ). Radiation hybrid mapping places this cDNA close to the centromer of linkage group 19 (Knapik et al., 1998) . In situ hybridization shows that Vg1 RBP mRNA is expressed and localized very early during zebra®sh oogenesis (Fig. 5B) . Initially distributed perinuclearly in stage Ia/b, Vg1 RBP mRNA is already localizing to the animal pole in stage II oocytes, even earlier than zorba mRNA (stage III) or zebra®sh Vg1 mRNA (stage III/IV) (Bally-Cuif et al., 1998) . Although Vg1 RBP mRNA is expressed throughout early cleavage stage embryos (Fig.  5C ), a distribution very reminiscent of Xenopus Vg1 RBP mRNA appears in 1-day-old embryos ( Fig. 5D,E) . Strong expression is detected in all regions of the brain, eye, branchial arches, and along the neural tube. There also appear to be labeled migrating neural crest cells at the level of the mesencephalon and rhombencephalon. It is interesting to note that at least one other member of this family, the chick ZBP-1 (Ross et al., 1997) , is expressed in neurons (Gary Bassell, pers. comm.). Taken together, these results suggest that Vg1 RBP has multiple roles during development, at least some of which appear to be evolutionarily conserved.
Materials and methods

Antibody production
Rabbit polyclonal antibody was raised against puri®ed In (E), the embryo, following staining, was re®xed in Bouin's. In (B) the arrowheads indicate the area of putative neural crest delaminating and migrating from the midbrain (mb) and hindbrain. The cement gland (cg) is unlabeled. Ot, optic tectum; e, eye; ov, otic vesicle; ba, branchial arches; pn, pronephros; bi, blood islands.
His-tagged Vg1RBP. The recombinant protein was puri®ed on a Ni-NTA column, and following polyacrylamide gel electrophoresis, the stained band was excised and used directly as antigen. Rabbit polyclonal antibody was also raised against puri®ed B3 protein (also termed Vg1 RBPa in Havin et al., 1998) . B3 and Vg1 RBP are 97% identical at the protein level. Both antibodies gave identical results in immuno¯uorescence and on western blots.
Whole mount antibody staining and in situ hybridization of Xenopus oocytes and embryos
Xenopus whole mount in situ hybridizations were performed as described for oocytes (Oberman and Yisraeli, 1995) and embryos (Epstein et al., 1997) using either BMPurple (Boehringer-Mannheim) (Figs. 3 and 4A ,E) or magenta-phos (5-bromo-6-chloro-3-indolyl phosphate ptoluidine salt; Fluka) (Fig. 4B±D) as substrates. For antibody staining, collagenase-treated oocytes were ®xed in MEMFA (Hemmati et al., 1990) , incubated with anti-B3 (1:50), incubated subsequently with an anti-rabbit rhodamine-conjugated secondary antibody (1:10 000) and viewed by confocal microscopy following clearing of the oocytes with Murray's solution (Klymkowsky and Hanken, 1991) . When soluble recombinant Vg1 RBP was added to the antibody before incubation with the oocytes as a negative control, no antibody signal was detectable (data not shown). For the double label experiments, Vg1 RNA distri- (Deshler et al., 1998; Havin et al., 1998) ; vg1rbpa, B3 (Pfaff and Taylor, 1992; Havin et al., 1998) ; zVg1RBP, zebra®sh Vg1 RBP; koc, KH-domain overexpressed in cancer (Mueller-Pillasch et al., 1997); crdbp, c-myc coding region determinant binding protein (Doyle et al., 1998) ; zbp-1, zip code bindng protein-1 (Ross et al., 1997) ; imp-1,2,3, IGF-II mRNA-binding proteins 1,2,3 (Nielsen et al., 1999) . All of these proteins have 70% or higher degree of identity with the other members of the family, with the exception of imp-2, which is 62% or greater. (B±E) Expression of Vg1 RBP mRNA during zebra®sh oogenesis and embryogenesis as revealed by whole mount in situ hybridization. (B) Early localization of the Vg1RBP RNA to the animal pole during oogenesis. During early stages of oogenesis (stage I) the RNA appears to be localized around the nuclei with no apparent polarity. During stage II we observe translocation towards the cortex of the oocyte leading to polar localization of the transcript. At later stages of oogenesis (beginning at stage III) the follicle cell layer is found only at the animal pole. Using this criterion we determine that the Vg1RBP mRNA is localized to the animal pole where the ®rst cell will form. Animal pole is up for the stage II and III. (C) Animal pole view of an 8-cell embryo, showing strong and uniform maternal expression of Vg1 RBP mRNA. (D,E) Dorsal view (D) and side view (E) of an embryo at 24 h post fertilization (hpf). Vg1 RBP shows overall expression with higher expression levels in the anterior part of the embryo. In (D), expression in the branchial arch neural crest and in the neural tube is clearly visible. nc, neural crest; branchial arches 2±4 are indicated.
bution was detected using a UTP-¯uorescein labeled probe, a monoclonal anti-¯uorescein primary antibody, and Cy-5 conjugated antimouse secondary antibody; Vg1 RBP distribution was detected as above.
Northern and Western blots
For western blot analysis, two oocyte equivalents per lane of an S10 protein extract were resolved on a 10% SDS-PAGE gel, transferred to an Immobilon membrane and probed with 1:10 000 (Vg1-RBP) or 1:5000 (Xp54) polyclonal sera (Ladomery et al., 1997) followed by 1:10 000 horseradish peroxidase coupled goat anti-rabbit antibody and ECL detection. Exposures were 3±30 s on Kodak LS ®lm. For the Northern blot analysis, four oocyte or embryo equivalents were used per lane.
Cloning of the zebra®sh Vg1 RBP
A zebra®sh EST (accession number AA495472) that is 90% homologous at the protein level to Xenopus Vg1 RBP was used to probe a zebra®sh 15±19-h embryonic cDNA library (courtesy of B. Appel and J. Eisen). 5 H RACE was used to complete the 16 aa missing from the isolated clone. The gene was mapped as unp1109 on the Tuebingen radiation hybrid map according to a protocol provided by the Haffter lab (http://wwweb.mpib-tuebingen.mpg.de/abt.3/haffter_lab/rh_mapping.html). Primers speci®c to the 3 H -UTR of the Vg1 RBP gene (forward: GCGTCTTCTCGGAAACTAAC, reverse: TAAAATGC-CACCACGGA-TCC) were used for scoring a radiation hybrid panel from Research Genetics. The mapping results place the Vg1 RBP gene between the markers Z3023 and Z15451 close to the centromer of linkage group 19 (Knapik et al., 1998) .
Whole mount in situ hybridization of zebra®sh oocytes and embryos
Embryos were maintained at 28.58C and hand dechlorinated prior to or after ®xation. For obtaining oocytes, ovaries were dissected out from anaesthetized females. Oocytes were ®xed overnight in 4% PFA and singled out manually. In situ hybridization was performed according to Oxtoby and Jowett (1993) . Oocytes were staged as described by Selman et al. (1993) . Two different zebra®sh Vg1RBP antisense probes which lead to similar results were synthesized: a 2.35 kb probe (coding region and 3
H UTR) and a 1.18 kb probe which represents the 3 H UTR and only the 3 H part of the coding region.
